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Abstract

The recer California’s energycrisis hasraised doults aboutthe benefitsof en-
ergy dergyulation. While it is true thatthe California electricity marketis in turmaoil,
otherelecticity marketslik e the PennsywaniaNew Jergy-Maryland(PJM)aredoing
fine. This paperassesesthe mark of efficiency reacted by the electicity marketsin
California, New York, andPJM.It alsocompaesthe degree of efficiency acros mar
kets (forward vs. realtime) andacrasstime. No significant differences betweenthe
California andPJM electricity markets werediscoveredin theyearof California’s en-
emgy crisis (2000 usingthe cointegration tests This reseach suggestshatdifferences
in price behavior betweenthesetwo markets during 2000 did not arisefrom differ-
encesin efficiency. Accordng to our analysis and measurs of efficiency, PJM and
California electicity markets are moreefficient thanthe New York market. Also, as
thesemarketsbecane morematureover time, their efficiency goesup. We alsofound
evidencetha multi-setlementschealuling systen leads to higher efficiency.

1 Intr oduction

The recentderegyulation of the power industy in several partsof the United Stateshas
producediifferentresultsacrossstates California’s dergyulation hasbeencharacterizethy
skyrocketing wholesaleelectricity pricesand several utilities on the brink of bankruptg.

The New York electricity market hasencounteredip to 30% increasein the electricity

bills. Ontheotherhand,the Pennsylania-Newv Jersg-Maryland(PJM) electricity market
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is enjoying low enepy prices.In fact,the usersof this market have saved 3 billion dollars
on electricity bills. Theturmoil in someof the electricity marketsis castinga shadaev of
doubtonderayulationplansof otherstates A betterunderstandingf therealcause®f the
differencesn performanceacrosselectricity marketsin the US is neededo help resole

someof theimportantissues.

Market inefficiency, market power, inelasticdemandandconstrainegupplyareoften
guotedasthe main causeof the problemsexperiencedy someof the electricity markets
(See[2]). The aim of this paperis to assesshe mark of efficiency reachedby the elec-
tricity marketsin California, New York, and PJM and seeif someof the differencesn
pricedynamicsin thesemarketscould be explainedby the differencein their level of mar
ket efficiency. To the bestof our knowledgea comparatie analysisof efficiency among

California,New York, andPJMelectricity marketsis novel.

For this study hourly pricesof day-aheadndreal-timemarketsfor eachof the three
power markets were collected. The price datawas taken from the IndependenSystem
Operatorsnebsiteof eachmarket andfrom the Universty of California Enegy Institute
(UCEI). Someof the hourly price serieswereavailableby load zoneandnot per market.
In thosecasesanaggrgationwasdoneusingload-weightedwveragesGiventhedataavail-
ability, a selectedgroup of yearswasanalyzedfor eachmarket: California (1998-2000),
PJM(1999-2001)andNew York (2000-2001) Theresultsndicatethatefficiency hasrisen
with the maturity of the markets. Interestingly this researctdid not find Californiato be
moreinefficientthanPJMandNew York power marketsduringtheyearof the California’s
eneqgy crisis (2000). The New York electricity market wasfoundto be the leastefficient

amongthethree.

3Thewebsitesfrom whichthedatawasretrievedwere: www. nyiso.Com www. pjm com, Www.caisocom,
www.uce.berkeley.eduucei.



2 Comparison of California, PJM and New York Elec-
tricity Mark ets

This studyanalyzeghe price dynamicsof the power marketsin California,PJM,andNew

York andcomparegheleve of efficiency reachedy eachoneof thesemarkets. A market
is efficient when all the relevant and ascertainablénformationis fully andimmedately
reflectedin market prices. In an efficient market all playersarewell-informed andadjust
their market stratgyiescontinuouty to take advantage®f the arbitrageopportunites. An

arbitrageopporturity exists if it is possibé to designa stratgy that canyield risk less
economicprofits (See[10] for details). Thereis plenty of literaturethat describeshe
functioningof California, PIJM,andNew York electricity markets. (See[4], [5], [13] and
[17].) A review of thatliteraturepointsoutimportantdifferencesn market structureacross
stateswhich may explain differencesn market efficiency. Someof thesedifferencesare

discussedbelow:

e Maturity of the market: In new markets, even the mostexperiencedradersmay
lack sufficientinformatiaon to know ex antewhatarethe profitabletradingopportu-
nities ex-post. This of coursewould leadto missed arbitrageopportunites. As the
market maturesmarket participantslearn” moreabouthow themarketworkswhich
allows themto be betterpreparedo take advantageof the arbitrageopportuniies?
Remaal of thesearbitrageopporturties leadsto highermarket efficiengy. Hence
differencesn “maturity” betweermarketsmayberelevantin explaining differences

acrosamarkets.

Californiawasthefirst US stateto restructurats electricity market which startedat
the beginning of 1998. PJM which is the oldestcentralizeddispatchechetwork in
theworld startedits restructuringat the beginning of 1999. New York’s deregyulated

4As notedby [3], learningtakestwo forms: eitherthe existing playersbecone more sophisticategdor
moresophisticategbarticipantsenterovertime.



electricitymarketalsostartecbperatiorin 1998althoughit waslaterthanCalifornia®

e Mark et Participants: Having enoughtradersin the day-aheadnarket is necessary
to ensureheliquidity of themarketandto establit atransparentiay-aheadnarket.
The morethe market participantsare, the moreliquidity is the market. In markets
with few players,onelargeenoughplayercouldcreateprice differencesdetweerthe
spotandthe forward market, which would persistif thereare not enoughtradersto
take advantageof thesearbitrageopporturities. [3] present&videncethatin thesum-
mer of 2000in California, oneplayer (PG&E) tried to exercisemonopsog power.
They arguethatthis couldexplainthelargedifferencedetweertheforwardandspot

priceobsenedin thatperiod.

The numberof market participantdiffers acrossmarkets. From our extensve con-
versationwith traders,we learnedthat PJM is the mostliquid market in the East.
Traderssuggesthat market participantsare attractedto PJM becauseof its lower
transactioncostsand its reputationof delivering transparentind reliable informa-
tion. TraderscomplainedhatNY power market lackstransparengin delivering of
information. See[14] for moreon market participantsn PIJM8 See[3] for moreon

market participantdgn Californiapower market.

e Multi-settlement vs single-settlementschedding systems In the schedulingoro-
cesstwo alternatves are available: Multi-settlementand single-setémentsystem.
A multi-settementsystemimpliesthatthe pricesand quantites establifiedin mar
ket phasegrior to dispatcharebindingforward contracts.The spot-marlet (run by
thelSO) is usedto settleary differencebetweernthe scheduledransactiongndthe

actualtransactionsln a single-settlerant systemthe forward phases usedjust for

SInformationobtairedfrom the enegy informationadmiristrationwww.eia.e.go.
5The nunberof memkersin PIMgrew from 165to 194 betweerl 99 to 2000. Currerly, the numker of
participantsis 200.



schedulingpurposeall transactionsre settledat the spotmarket price (See[5] for

additioral details).

California runs a multi-settlementsystemwith day-aheadand houraheadphases
prior to dispatch.In California,theday-aheadransactiongrebindingandsettledat
the day-aheadrice. Similarly, the houraheadtransactionsre settledat the hour
aheadprices. Until May 31, 2000PJMran a single-settlemensystem.On Junel,
2000 PJM switchedto a multi-settlemensystemthatis similar to the California’s
system.The NY electricity market hasday-aheacdndhouraheadohasesaswell as
areal-timeone.Likein Californiathesemarketswork in a multi-settlementsystem,
wherethetransactionsn the forward market (day andhourahead)aretradedat the
forward price. The balancebetweenthe real-timetransactionsaand the scheduled

onesis tradedatthereal-timeprice.

The multi and single-setémentsystens have potentialadvantagesand disadwan-
tageswhich may have an impacton marlet efficiency. A multi-settlementsystem
may increasehe opporturties for arbitrageby runninga binding day-aheadnarket
which is repeatedn an houraheadbasis. It alsoreducesisk by providing price
certaintyto the generatordeforethe actualdispatch(See[5]). On the otherhand,
a single-settlemensystemmay leadto productve efficiency gainsby lowering the

transactiongoststhata sequencef forward marketsmayproduce.

Competing forward markets: [13] amguesthathaving competitve forward markets
which cantradewith oneanothemay reducethe arbitrageopportunitesexistingin
the electricity marketsby increasinghe competitve discipline in the forward mar
kets. Thus,differencesn the organizationof the forward marketsacrossstatesmay

explain differencesn market efficiency.

In California, competingschedulingcoordinators(SCs) run the forward markets.

The IndependensystemOperator(ISO) runsthe transmision, ancillary and real-
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time markets. Among the SCs,the Powver Exchangeg(PX) usedto handlemost of
the tradingin the California forward markets! The PX ran auctionsto establish
enepy pricesandschedulegor boththe day-aheacandhouraheadmarket. On the
otherhand,the AutomatedPowver Exchangewnhichis alsoan SC,runsa continuais
forward market. The othersSCsin California work throughbilateral contractsto
tailor consumersheeds.The enegy pricesin thedifferentSCscorverge astrading

amongSCsis permitted.

In PIMtheparticipantanimplementtheday-aheaghaseeitherby submtting bids
to acentralizedlispatchmanagedy thelSO or by decentralizedilateralschedules.
Unlike California, PJM hasjust one centralizedday-aheadlispatchwhich is ad-
ministrated by the ISO. In the ISO-run day-aheadnarket, generatorsoffers must
specifythe pricesandthe rangesof outputover which thesepricesapply In the bi-
lateralschedulingparticipantsndicatetheamountof enegy injectedandwithdravn
from eachlocationin eachhour of the following day. The ISO usesthe bids of the
centralizedday-aheadnarket to run an optimizationprogram. This determineghe
minimum costorder of dispatchthat meetsthe forecastedoad thatis not going to
be suppliedby the bilateralarrangementi the next day. The resultsfrom the opti-
mizationprogramtell all the market participantghe likelihood of sellingor buying

power overthenext day See[5] for moreinformation.

Likein PIM,thereareno competingcentralizedorward marketsin New York. The
centralizedday-aheadlispatchis managedy the ISO which recevesthe bidsfrom
the market participantsand producesa load forecastdor all hoursof the following
day ISO runsanoptimizaton programwith the load forecastandthe bidsto deter
minethemix of generatiorfor the next daythatminimizesthe productioncostsover

thedaywhile observingheconstraint®nthetransmiseon system.Theoptimizaton

"ThePX filed for bankuptay at the beginning of 200L.



programalsocomputeghe day-aheadnarket price.

The ISO-runday-aheadnarkets of PJM andNew York are subjectto the competi-
tive discipine of the bilateralmarkets® However, an SO canuseits power asgrid
manageto favor its day-aheadnarket underminingthe fairnessof the market and

thereforeits efficiency.

e Long-tem markets: As suggestedy [3] the existenceof mary forumsfor trad-
ing overtime (long-term,day-aheadhouraheadencouragegenerator$o compete
moreaggressigly in the spotmarket asthey have sold significantportionsof their
outputin the forward markets. More aggressie competiton shouldleadto faster
learningand more efficiengy. Till recently California utilities were not allowedto
getinto long term contractsandmorethan90% of the power waspurchasedn the
spotmarket. Insteadin PJM, utilities could lock in pricesthroughlong term con-
tracts. Thereforeonly 10to 20% of the powerwasboughtin thespotmarket. Dueto
the higherflexibility availablein PIMto meetits longtermenegy needsthe prices

werelessvolatile in PJIMascomparedo California.

e Ancillary Sewices(AS): As ageneratohasto decidehow to bid in eachmarket, a
shockin the AS marketis goingto bereflededin the forward andspotmarkets. As
notedby [17], thestructureof AS market greatlycomplicatesa generatos choicein
biddingin the electricity markets. More bidding choicesfor a generatodecreasdés

ability to find potentialy risklessstrategies.

In PJM just operatingreseres and regulation are traded? PJM assignsdutiesin
providing regulationto all generators.If a generatorcannot provide regulation it

mustmeetits obligaion by writing bilateralcontracts.Till May 31 2000,PJMused

8As ary playercanchoosebetweersubmittingbidsto thelSO-run dayaheadnarketandbilateralmariet.
SRegulationrefers to the servicegprovided by generates to maintaina 60 Hz operatim level in thetrans-
missionnetwork.



acostbasednarketfor procuringregulatian but in June2000,PJMstartedprocuring

regulationusingmarket prices.

In Californiathe AS marketsallocate: regulation, spinnng resenes, non-spinning
reseres,andreplacementeseres!® In California’s electricity market, AS areal-
locatedusingday-aheadcaind houraheadmarkets. For the day-aheadA\S marlet, a
generatoisubmitsbids in which it specifiesthe total capacitythatthe ISO canuse
for arny of thefour serviceqregulation,spinrnng reseres,non-spiming resenesand
replacementeseres)andthe enegy price (uniform for all services).Eachhourthe
ISO examinesthe systemanddetermineshe amountof AS it requires.ThelSOre-
solveseachmarketin sequencatartingwith regulationfirst andendingwith resene
replacementlf ageneratorsvasnot selectedn thefirst AS it canstill participatein
thenext AS market. The AS houraheadnarketoperatesimilarto the AS day-ahead
market. Unlike PJM, in Californiathe generatorslo not bid in eachone of the AS

marketsindependently

In New York, eachoneof thesix AS is tradedindependerty in themarket. Suppliers
receve paymentsaccordingto the quantites suppliedandthe market clearingprices

in theday-aheadndsupplemeral markets.

e Fuel mix: ! Thevolatility of thefuel pricesvariesdependingiponthefuel. Volatil-
ity in fuel price causesvolatility in the electricity pricesbecausduels are a major
componenf generators’costs. Therefore,a diversifiedfuel sourcemay prevent
excessvolatility in the electricity prices. The lower volatility mayleadto fewer ar
bitrageopportunitesandmoreefficientandstablemarket. In Californiamostof the
enegy is providedby gas-fired(51%) andhydro (26%) generatorsln contrastPJM

fuel mix is morediverseincludingcoal,andnuclear Like PJM,thefuel mix in New

10Thetypesof resenres differ by theamount of time thegereratorhasbeforeit mustbegin supplyng power
to thegrid andwhethe or notthefacility mustbe synchraizedto thegrid while waitingin resenre.
Hpatais providedby the Enegy InformationAdministratian
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York is alsomorediversethanin California. NY electricitymarketusesgyas(17.2%),
hydroelectriq(23%) andnuclear(27%).

3 Mark et Efficiency
3.1 RelatedWork

Our approachto studyingmarket efficiency in power marketsis similar to previous em-
pirical literaturethat focusedon the price dynamicsof power marketsaroundthe world.
In [6, 7], theauthorsanalyzethe price dynamicsof 11 interconnectedegional marketsin
thewesternUS betweenl994-19% for evidenceof market integration. Their resultsshov
that markets were efficient and stablein that region. [18] compareghe degreeof com-
petition betweerthe electricity marketsof EnglandandWales,Norway, and Australia. It
concludeghatthe differencesn the degreeof competitionlevel acrossnternationaklec-
tricity markets can be explainedby the differencesn market design. [17] discusseshe
comple decisiondacedby the generatorsn decidinghow muchto tradein the different
Californiaelectricitymarkets(e.g.day-aheadnarket, spotmarket, ancillarymarket, etc). It
arguesthatrationalbehaior leadsgeneratorso continuowsly adjusttheir stratgiesto take
advantageof thearbitrageopportunitesacrosanarkets.[13] examinestheevolution of the
competitive electricity marketsin CaliforniaandPJM. It alsoproposesegulatory modifi-
cationsthat may make thesetwo markets more competitve. [5] analyzeghe advantages
anddisadwantage®f binding andnon-bindng day-aheadnarkets. [3] evaluateshe level
of marketintegrationbetweerthe Californiaday-aheadnarketandthereal-timemarket. It

concludeghattheprice corvergencebetweerthesetwo marketsincreasedstime passed.

This researctcontributesto previous empirical literatureby evaluatingthe efficiency
of the threemajor power marketsin US (California, PJM, and New York). It computes

a measureof market efficiency for eachmarket for eachof the yearsanalyzed. It also



comparegheefficiency acrosdifferenttime marketsandacrossstates.

3.2 The Model

Traditiorally, market efficiency is evaluatedby the “predictability’ of changesn theprice.
In an efficient market, one shoutl not be ableto make abnormaleconomicprofits using
readily availableinformation The currentprice shouldreflectall the relevantandascer
tainableinformation. However, if pricesare predictable agentscould usereadily avail-
able informationto designstratgiesthatyield abnormalprofits. It is importantto note
thatthis corventionalmeasureof efficiengy requiresthatthe commality be storable.For
a non-st@able commodiy lik e electricity, the price predictabilty alonedoesnot provide
intertemporalarbitrageopporturities. For example,if the spotprice of electricityis pre-
dictableandknown to be highertomorrav, onecouldnt really buy moretoday storeit and
consumat tomorraow to take advantageof theinformation. Electricity todayandtomarow

arereally two differentcommodiies }?

However, in an institutional setupwhereforward, real time and bilateralmarketsare
organizedassubstitite marketsandareallowedto competeagainsteachother onecould
take adwvantageof the predictablepricesanddesignstratgiesto earnrisklessprofits 12 For
example, assuméoththeforward andrealtime pricesarepredictable Let p'~? denotethe
forward price of electricityin period¢ — j for deliveryattime ¢ andp! denotetherealtime
priceattimet. If therealtime priceis expectedio be morethanthe forward price,z units
of electricity canbe boughtin the forward market in periodt — j for delivery at a future
timet andbesoldatrealtimet to make arisklessprofit of z(p! — pi~?), assuminghereare

notransactiorcosts.

If consumersandgeneratorareallowedto play acrosdifferentmarketsasis donein

a multi-settlemensystem one could usethe stationarypropertiesof two seriesto make

12Theauthos would like to thankRichardGreenfor poirting this out.
135eg[17] for anexcellert discussioron opporturities availableto gereratorsto play acrossmarlkets.
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positive profits. This is possibé sincedifferentmarketscandeliver electricity at the same
timeandary differencen pricein themarketsfor thesamecommodiy wouldimply trading
inefficiency. In [3] authorsshav thatinstitutional impedimens and traders’incomplete

understandingf the marketscould createsuchtradinginefficiencies.

Thisstudyperformsthreeteststo measuréheefficiency of theelectricitymarkets. First
evaluateghe“predictability” of apriceserieshy testiry its “stationarity”. A seriegy; is said
to follow a stationaryprocessdf its mean,varianceandautocorrelatiorareindependenof
time,implying thatonecouldcalculatethefuturevaluesof a seriesusingits currentvalues.
Two, it looksfor arbitrageopportunites by checkingif the expectedreturnin the forward
andthereal marketsarethe sameusingcointegrationanalysis.Two seriesarecointeyrated
if they have a commontrendand changeroughly at the samerate. If the day-aheadnd
thereal-timemarketsare cointgyrated,a shockin the formerwill alsobe reflectedin the
latterandthe expectedreturnin bothmarketswill bethe same.Theforwardandreal-time
pricesshouldbe cointeggratedfor the market to be efficient, otherwisethe differencein
expectedreturnswould createarbitrageopportunites andcausenefficiency. Third, using
themethodobgy givenin [3], it analyzeghe price corvergencebetweerthedayaheadand
thereal time marketsto determinewhetherpersistenprice differencesxist betweenthe

forwardandrealtime markets.

3.2.1 Unit Root Tests

To testthestationariy of a serieswe checkfor thepresencef aunitrootin thepriceseries
usingthe AugmentedDickey-Fuller (ADF) test[8]. The ADF testrequiresthe estimaton

of thefollowing regressiorequation:

L
AP, =a+ BoPioi +Y_BAP_ + ¢ (1)

=1
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whereAP; is thechangen theelectricity priceattime ¢t. «, 8y and3; arethe coeficients,

P, istheelectricitypricein periodt — [ ande; is theresidual.

The null hypotesisof this testis 5, = 0. The numberof lagsin equation(1) were
determinedy initially estimatng a generaimodelwith 15 lagsandthenin successie es-
timationstheinsignificantlagsweredroppedt* This procedurenakessurethattheresults

of the ADF testarenot misleadingandtheresidualsn (1) areuncorrelated.

As pointed out earlier the statianarity in onemarket alonedoesnot necessarilymply
inefficiency in theelectricitymarket. Thisis dueto thenon-storabl@atureof theelectricity
which allows for predictableintertemporalvariationin prices. See[1], [16] and[9] for
moredetails. However, if boththe day aheadandtherealtime marketsarestationaryand

multi-settlemensystemis allowed, it couldleadto arbitrageopporturities.

3.2.2 Cointegration Analysis

As wasmentionedn the earlierdiscusson of market efficiency, the expectedreturnin the
day-aheadindreal-timemarketsfor the samehour shoutl grow at the samerate. Note,
thatbothmarketstradethe samecommodiy. If the expectedreturnin onemarketis more
thanthe other therewould beanopportunity to make risk lessprofit andthe market would
beinefficient. In time seriesanalysis|f two seriestrack oneanotherandgrow roughly at
the samerate, they are saidto be cointegrated. By definition, cointegration necessitates
thatthetwo seriesbe integratedof the sameorderandhave acommontrend. The orderof
integratian is the numberof timesa non-statioary serieshasto be differentiatedo obtain
a stationary series. Two serieswith differentorderof integrationcannotbe cointegrated.
An importantconsequencef cointegrationis thatit is possibleto find alinearcombinaton

of the cointgyratedserieshatgeneratesa stationaryseries.This propertyis usedin testing

From the corrdogramsof the series,15 lags appeagd to be sufficient to take into accoun the serial
correldion in thedatafor the AugmenedDickey Fullertests.This appioachfollows the methalology of [7].
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for cointggratian. Thefollowing cointggration relationwastestedhere:
Pyp=a+ BP.,+ €, (2)

whereP, ;, is the price of the day-aheadnarket at hour i, and P, 5, is the price of thereal-
time market at hour k. «, § arethe parameter®f the cointegration vectorande, is the

error.

This paperusegheJohansetestto determindghecointegrationbetweertheday-ahead
andreal-timemarket for eachhour. The applicationof the Johanserestrequiresthe esti-

mationof a VectorAutoregressie model(VAR) of theform:
P=To+ 1P +DoP o+ -+ 14 P g+ €p (3)

whereP, is the columnvectorwith the day-aheadndreal-timeprices.T’; is the matrix of

parameterande is thedisturbance.

Thenumberof lagsin theestimated/AR modelweredeterminedisingtheSchwarzin-
formationcriteria(See[11]). Undercointegrationthe matricesof parameter# (3) should
beshortranked. The Johanserestusesthis propertyto testfor cointegration See[12] for

details.

Basedontheresultsof theunit rootsandcointegrationtests a measuref efficiency for

eachyearandstatemarket wasconstructedn thefollowing way:

Chi
E,"j = 24’] * 100 (4)

whereFE, ; is the efficiengy of market: in yearj andCh; ; is the numberof cointegrated

hoursof market: in yearj.

3.2.3 Price Convergence

Motivatedby the analysisperformedn [3] to determindradinginefficienciesbetweerthe

forwardandthe spotmarket, we analyzethe price corvergencebetweerthe dayaheadand
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the real time market and provide anothermeasureof market efficieng.’®> We extendthe
work donein [3] by measuringprice corvergencein PJM,NY, andCaliforniamarkets([3]
analyzedoprice corvergencegustin California). In addition, we measurerice cornvergence
hourby hour. Persistenprice differencesetweenhe day aheadmarket andtherealtime
marketwouldimply the presencef arbitrageopportuniies. In anefficientmarketwith risk
neutraltradersandno transactiorcosts,day aheadandtherealtime price of the electricity
for delivery atthesameime andlocationshouldbethesame.In otherwords,thedayahead
priceattimet — j for delivery at time ¢ mustincorporateall the informationavailableat

timet — j aboutthe expectedrealtime priceattimet i.e.
P77 = Exp(P{|®,;)

where P!’ is the day aheadprice attime t — j for delivery attime ¢, P} is therealtime
priceattime¢ and®,_; is theinformation availableattime ¢ — j. Theabove equationcan
berewritten as:

Ptt = Pttij + Et

Hereg, is the white noise. Accordingto this equationthe day aheadpriceis an unbiased
predictorof therealtime priceandincorporatesll theavailableinformation attime ¢ — ;.
We testthe market efficiengy by testingif the day aheadprice corvergesto therealtime

pricethroughthefollowing model:
Pl—P7=0+¢

If thedayaheadpriceis anunbiasedredictorof therealtime price,f would be zero.

Following the methodobgy outlinedin [3], for eachstateandeachyear we estimate
hourly OLS regressiondasedon the Newey-Westprocedureg(see[15]). The resultsare

shavnin Table5, 6 and7. A measuref efficiency similarto the onegivenin equation(4)

15Theauthos would lik e to thankananorymous refereefor his suggstionto perfam this test.
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is constructedn thefollowing way:

Eij= 7;;” 100 (5)

whereé; ; is theefficiency of market: in year; and?#, ; is the numberof hourswhenthe

dayaheadoriceis anunbiasedredictorof therealtime pricefor market: in year;.

4 Resultsand Discussim

Table1, 2 and3 show the unit root testresultsfor eachhourin ayear in California, PJM,
andNew York respectrely. Fromthetablesit canbe obseredthatin all thethreestates,
somehourswere stationary For efficiengy, the hoursof interestare the oneswhenboth
the dayaheadandtherealtime price seriesarestationary The higherthe numberof such
hours,moreinefficientis the market. In Californiathe numberof hourswhenboththe day
aheadandrealtime price serieswere stationaryincreasedrom 0 to 2 betweenl1998and
1999;andthendroppedo 0 in 2000. Theincreasen inefficiency betweenl998and1999
could have beendueto the significantly higherwholesalepricesand artificially setprice

caps.Theseprice capshadnot beentriggeredin 1998.

For PIM, thereal-timemarket hadhigh numberof stationaryhoursin 1999whenPJM
hadthesingle settlemensystem.Thenumberof statiorary real-timemarket hoursdropped
significantlyin 2000and2001. This could be dueto the factthat PJM switchedto multi-
settlemensystemin 2000from a single-setémentsystem As notedin Section2 of this
paperamulti-settlemensystenrunsbindingforwardmarketswhich offersmarket players
moreforumsto tradeandthereforemoreopportunitesfor learningandarbitrage.Seg[5]

for moreonthefunctioning of multi andsingle-setémentsystems

The numberof hourswhen both the day aheadand real time priceswere stationary
droppedfrom 3 to 0 betweer2000and2001implying thatthe PJM market becamemore

efficientovertime. As explainedin section2, asmarket maturesthe playersin the market
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becomemore sophisicatedand thereforemore capableof taking advantageof arbitrage
opportuniies. On the otherhand,PJM’s reputationfor costefficiency andreliability has
attractedmoreparticipantsover time which may have increasedts efficiengy. The higher

thenumberof participantsmoreliquid andefficientis the market.

In NY, basedon our first measureof market efficiengy, therewasno significantchange
in the market efficiency betweer2000and2001. The numberof hourswhenboththe day
aheadandrealtime priceswerestationaryincreasedrom 1 to 2 betweer2000and2001.
This couldbe dueto thelow liquidity thatstill characterizethe NY market. As notedin

Section2 low liquidity couldexplain low efficiency.

Table 4 shaws the efficiengy resultsas measuredy the cointggrationtests. In Cal-
ifornia, the forward and real time markets were cointegrated 63% of the hoursin 1998
which increasedo 83% in 2000. This improvementmay be explainedby a “learning by
doing” processasplayerslearnfrom their pastexperienceandexploit all the arbitrageop-
portunitesavailablein the market, ultimately makingthe market moreefficient. In PIM,
efficiency in 2000and2001washigh (> 70$). However, therewasno significantchange
in the numberof cointggratedhoursbetweenhesetwo years. ComparingCaliforniaand
PJMin year2000,it is notevorthy thatCaliforniawasslightly moreefficientthanPJM.In
fact Californiahadthe highestlevel of efficiency amongthe threemarkets. In New York
the marlet efficiency measurestayedat 50% in 2000and2001. Thelow level of efficiency
in New York between2000and 2001 may be explainedby the existenceof barriersand
transactiorcoststhatstoppedradersfrom takingadwantageof the arbitrageopportunites,
highlevels of risk aversionamongplayers(See[3]) andlow liquidity thatcharacterizeBlY

with respecto PJMor California.

Table5, 6 and7 shawv theresultsof market efficiency asmeasuredby the price corver-
gencebetweenthe day aheadandthe realtime market for California, PJMandNew York

respectrely. Table5 shaws thatCaliforniawasextremelyinefficientin 1998whereevery
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single hour the day aheadprice was significantly differentfrom the real time price. The
situation changeddramaticallyin the following years.In 1999,only in 3 out of 24 hours
the day aheadprice did not corverge to the realtime price andin 2000, this happenedn

11 outof 24 hours.It is importantto notethatthe California’s enepgy crisiswasatits peak
in summerof 2000andthe priceswereextremelyvolatile in thatperiod. Takingthis into

considerationwe performedanotheranalysisof year2000by excludingthe high volatility

summemonths(May throughAugust). Our resultsshowv thatthe numberof hourswhen
the day aheadprice did not corvergeto therealtime price decreasedrom 11to 3 in year
2000.

Table 6 shaws thatin PJM, the numberof hourswhen the day aheadprice did not
convergeto therealtime price,wentup from 5 in year2000to 8 in year2001.Howeverin
New York, asshavn in Table 7, this numberwentdown from 8 in year2000to 6 in year
2001.

In 2000theelectricity pricesin CaliforniaandNew York skyrocketed,whereasn PIM
they remainedstable. Interestingly for our first two measuresf efficiency, in 2000there
wasno significantdifferencebetweenCaliforniaandPJM, suggestinghatthe differences
in price behaior betweerthesetwo marketswerenot dueto market efficiengy.*® For the
third measureof efficiency, PIJM appeargo be moreefficient than California, however if
the high volatile summemonthsof 2000areexcluded,the efficiency in thesetwo markets
aresimilar.}” Thus, otherpotental explanatbns (e.g. market power, supply constraints)
shouldbeexploredto understandhedifferencesn pricedynamicsbetweerCaliforniaand
PJM power marketsin 2000.

On the otherhand,New York market was significantly more inefficient than PIJM in

2000for all the threemeasure®f efficiency. For 2001, PIM was significantmore effi-

18For the secondneasuref efficiency, Californiais 4% moreefficient thanPJMin 200Q
Y"For the third measuref efficiengy, without summermonths,Californiais 8% moreefficientthanPJIM
in 200Q
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cientthanNY with thefirst two measure®f efficiency but for the third measureNY had
8% higherefficiency than PIM. The higherefficiency of PIM with respectto NY in the
periodof analysiscould be explainedby higherliquidity, low transactiorcostsandmore

transparenavailabiity of informationin PJIMascomparedo NY.

An efficiency ranking of the three stateelectricity market rendersCalifornia as the
mostefficient andNew York asthe leastefficient for year2000. The characteristicshat
contributedin makingCaliforniathemostefficientin 2000mighthave beenits highlevel of
maturity, multi-settlementsystemandcompetingforward markets. PJM waslessefficient
than Californiain 2000dueto lack of maturity ascomparedo California andits newly
implementedmulti-settlementsystem. The low efficiency in New York with respectto

othermarketsmaybe explainedby its lower liquidity andhighertransactiorcosts.

5 Concludons

This paperevaluategheefficiency of thepower marketsin California,PJM,andNew York
for the pastfew years. Several conclusionsanbe derived from our results. First, in both
Californiaand PJM, the efficiency of the power markets hasimproved with the maturity
of the markets. Second multi-settementschedulingsystemseemso be associatedvith
highermarketefficiency. Third, contraryto thecommonbelief,in 2000the Californiamar
ketappearso beasefficientasthePIJMmarketbasedn ourmeasureThus,thedifferences
in pricedynamicdbetweerthesetwo marketscannotbeexplainedby thedifferencesn ef-
ficiengy. However, an efficiency agumentmay be madeto explain differencesn prices

betweerNY andPJMin thatyear
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6 Further Reseach

Furtherresearchon the following topicscould be explored: First, a cointeggration analysis
betweerthe ancillary serviceamarkets, the forward, andthe spotmarketscould beimple-
mentedusingthe samemethodobgy discussedhere.Secondsimilar analysiscanbe done
in the dereyulatedelectricity marketsof othercountriesto seeif similar conclusionshold
there. Finally, otherpotentialexplanationghat clarify the differencein price behaior of

differentmarketscouldbe exploredmorerigorousy.
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Table1: Resultsof AugmentedDickey-Fuller unit root testfor Californiaelectricity mar
ket. An asteriskx) indicateghatthe ADF statisic rejectsthenull hypothess of unitrootat
99% confidencdevel. x* shavs the hourswhenboththe day aheadandrealtime markets

rejectthe null hypahesis.

California
1998 1999 2000
Hours Real | Dayahead| Real | Dayahead| Real | Dayahead
1 -4.33 -0.75 -2.64 -2.84 -2.57 -0.96
2 -2.53 -2.74 -2.24 -2.98 -1.74 -1.10
3 -1.53 -2.64 -2.32 -2.88 -1.70 -1.65
4 -2.11 -1.88 -3.23 -2.94 -1.62 -1.65
5 -2.55 -2.05 -3.11 -2.55 -1.54 -1.61
6 -2.12 -2.44 -2.64 -2.44 -1.65 -1.32
7 -3.27 -2.26 -2.29 -2.68 -1.36 -0.99
8 -2.11 -3.02 -2.57 -3.19 -1.37 -1.69
9 -1.86 -2.91 -2.57 -3.89 -1.31 -1.53
10 -1.73 -2.95 -2.71 -6.5 -1.46 -1.90
11 -1.83 -2.87 -2.66 -2.81 -2.34 -1.80
12 -3.33 -2.96 -2.72 -2.69 -2.77 -2.44
13 -2.46 -3.24 -3.10 -2.71 -2.82 -2.31
14 -2.14 -3.07 -3.99 -2.87 -3.74 -2.70
15 -1.74 -2.80 -3.76 -3.10 -3.46 -2.69
16 -1.95 -2.65 -3.65" -3.14 -2.98 -2.70
17 -1.59 -2.74 -4.06" -3.16 -3.29 -2.63
18 -1.75 -3.64 -5.07* -3.71 -2.52 -2.56
19 -1.68 -3.75 -2.79 -6.95 -2.35 -2.52
20 -2.17 -4.19 -2.94 -6.33 -1.87 -2.44
21 -2.01 374 -3.78* | -6.55* -2.22 -2.30
22 -1.93 -2.31 -2.67 -2.87 -2.11 -2.03
23 -1.60 -2.40 -3.02 -3.33 -0.67 -0.69
24 -2.06 -1.41 -2.61 -3.21 -0.67 -0.60
StationaryHrs. in both 0 2 0
dayaheadandrealtime
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Table2: Resultsof Augmentedickey-Fuller unit root testfor PIJM electricity market. In

1999,PJMdayaheadnarket hadno price datasincePJM useda singlesettlemensystem
andall settlementslearedat real time market prices. An asterisk(x) indicatesthat the
ADF statisticrejectsthe null hypotresisof unit rootat 99% confidencdevel. xx shavsthe
hourswhenboththe dayaheadandrealtime marketsrejectthe null hypotesis.

Pennsylania-Nev Jersg-Maryland
1999 2000 2001
Hours Real | Dayahead| Real | Dayahead| Real | Dayahead
1 -2.78 NA -1.88 0.74 -2.07 -3.78
2 -2.79 NA -0.48 1.23 -3.35 -3.74&
3 -3.26 NA -0.14 0.32 -3.18 -3.44
4 -3.41 NA -0.90 0.26 -1.91 -3.26
5 3.45 NA 0.05 0.64 -2.39 -3.34
6 -3.78 NA -1.20 0.23 -5.14 -1.88
7 -3.92 NA -1.55 0.91 -2.00 -1.17
8 -4.4°7 NA -0.93 0.33 -1.73 -1.14
9 -3.85 NA -1.78 -0.20 -2.37 -1.42
10 -3.39 NA -2.50 -0.54 -2.22 -1.55
11 -10.59 NA -3.28 -1.90 -2.38 -1.90
12 -10.40 NA -7.99* -4.76* -7.68 -1.41
13 -10.95 NA -4.00* | -4.82* -2.09 0.62
14 -3.34 NA -1.75* -3.61* -1.49 -0.51
15 -3.57 NA -2.56 -3.20 -0.15 0.02
16 -5.40 NA -2.78 -2.66 -0.34 0.01
17 -7.40 NA -3.20 -3.9T -0.12 -0.42
18 -5.05 NA -1.25 -0.18 -2.55 -1.68
19 -10.27 NA -0.18 0.39 -2.96 -3.10
20 -9.29 NA -1.57 0.02 -1.94 -1.85
21 -14.94 NA -3.43 -1.21 -3.25 -2.25
22 -14.5F NA -2.16 -1.65 -8.81 -2.47
23 -3.78 NA -1.37 -1.10 -2.91 -2.22
24 -5.01 NA -0.33 1.52 -9.22 -2.96
StationaryHrs. in both 0 3 0
dayaheadandrealtime
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Table3: Resultsof Augmentedickey-Fuller unit root testfor PIJMelectricitymarket. An
asterisk(x) indicatesthatthe ADF statisic rejectsthe null hypothess of unit root at 99%
confidencdevel. xx shavsthe hourswhenboththedayaheadandrealtime marketsreject
thenull hypahesis.

New York
2000 2001
Hours Real | Dayahead| Real | Dayahead
1 -11.36 -2.82 -3.34 -3.46
2 -11.9F -2.21 -3.04 -3.44
3 -2.43 -2.60 -3.00 -3.46
4 -12.32 -2.21 -3.76° -3.46
5 -3.06 -2.25 -3.24 -2.64
6 -3.37 -1.64 -1.96 -2.77
7 -2.23 -1.56 -2.14 -1.93
8 -2.83 -2.74 -1.99 -1.80
9 -2.30 -2.02 -3.12 -2.17
10 -3.45 -3.32 -9.81* -2.40
11 -4.20 -3.24 -3.07 -2.75
12 -2.57 -3.01 -9.84* | -3.56*
13 -3.03 -3.06 -9.60r -3.18
14 -5.18* | -4.31 -3.17 -3.11
15 -3.29 -3.36 -3.58 -2.98
16 -5.38 -2.82 -3.55 -2.62
17 -11.70 -2.55 -3.41 -3.05
18 -3.21 -2.64 -8.72 -3.41
19 -11.95 -2.49 -3.74 -3.02
20 -3.05 -2.21 -3.72 -2.97
21 -11.9% -1.90 -2.98 -3.26
22 -4.10 -1.86 -5.76* | -3.51
23 -11.29 -2.23 417 -3.46
24 -7.53 -1.53 -2.65 -3.54
StationaryHrs. in both 1 2
dayaheadandrealtime
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Table 4: JohanserCointegration Tests. An asterisk(x) indicatesthat the cointegration
hypohesisis rejectedat 95% confidencdevel. An X indicatesthateitherthe dayaheador
therealtime price serieds stationaryand XX shovs whenboththedayaheadandthereal
time seriesarestationary

California PJM New York
Hours 1998 | 1999 | 2000 || 2000 | 2001 || 2000 | 2001
1 X 60.83 | 83.51 || 18.85 X X 67.77
2 10.66 | 60.07 | 31.96 | 29.13 X X 49.64
3 8.77 | 90.38 | 25.19 || 48.95 | 106.11| 128.16| 84.86
4 4510 | 165.37| 47.36 || 69.34 | 112.25 X X
5 19.8 | 30.58 | 36.96 || 41.61 | 103.93|| 102.88| 86.68
6 42.02 | 35.65 | 20.98 || 35.56 X 112.98| 86.05
7 12.40 | 26.30 | 14.16 | 30.00 | 23.20 | 38.95 | 51.63
8 82.28 | 29.26 | 18.14 | 32.93 | 15.74 | 67.06 | 52.44
9 48.28 X 5555 || 41.60 | 26.97 | 63.25 | 30.36
10 44.04 X 64.03 || 127.59| 73.86 || 199.94| X
11 53.13 | 39.18 | 119.73| 125.66| 98.32 X 139.59
12 67.98 | 57.71 | 142.41|| XX X 227.27| XX
13 25.4 | 98.12 | 135.73|] XX 86.93 || 214.87| X
14 29.97 X X XX 84.08 XX 138.29
15 27.43 X X 138.86| 28.62 || 211.41| X
16 23.76 X 225.05| 131.92| 97.55 X X
17 27.54 X 46.85 X 81.48 X 124.47
18 X XX 126.36| 110.84| 9.23 | 210.98| X
19 X X 156.44| 103.28| 92.66 X X
20 X X 29.16 | 85.15| 83.81 || 201.80| X
21 X X 123.58| 110.89| 113.89 X 101.73
22 39.06 | 109.27| 82.75 || 109.36| X X XX
23 36.84 | 105.97| 127.73| 96.09 | 102.26 X X
24 9.75% | 95.48 | 51.32 | 28.85 X X X
IntegratedHrs. 15 14 20 19 17 12 12

Efficieney (%) | 63 59 83 79 71 50 50
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Table5: Pricecornvergencetestresultsfor California. An asterisk(x) indicateghattheday
aheadprice andtherealtime price aresignificantlydifferentat 95% confidence.Thelack
of corvergenceof the day aheadprice to the real time price shawvs the degreeof market
inefficiency. 0 is zeroif thedayaheadpriceis anunbiasedredictorof therealtime price.
S.E.shavsthe Newey-WeststandardcerrorsandP-valueshowns the Newey-WestP-value.

California
1998 1999 2000
Hours 0 S.E. | P-value 0 S.E.| P-value 0 S.E.| P-value
1 -9.14 | 1.40 0* -0.63| 0.40| .11 13.53| 3.48| .000F
2 -9.77 | 1.28 0* 0.30 | 0.41| 0.45 || 10.32| 3.14| .001
3 -9.11 | 1.19 o* 0.46 | 0.40| 0.25 8.89 | 2.84| .00Z
4 -8.65 | 1.26 o* -0.87| 0.45| 0.05 464 | 2.82| 0.10
5 -9.71 | 1.25 O* -1.60| 0.48| .001 7.21 | 2.73| .008&
6 -12.31| 1.51 0* -1.35/ 0.35| .000Z2 | 7.16 | 3.14| 0.0
7 -12.85| 1.76 0* -0.58/ 0.51| 0.25 | 15.12|5.26| .004
8 -13.00| 2.09 o* 0.89|1.06| 040 | 11.99|4.54| .01
9 -13.06| 2.20 o* -0.45| 0.87| 0.60 4,11 | 4.40| 0.35
10 -14.13] 2.21 o* -1.08| 0.97| 0.26 5.12 | 4.41| 0.24
11 -14.66| 2.35 O* 0.35]0.94| 0.71 5.00 { 3.38| 0.14
12 -12.66| 2.78 0* 0.16 | 0.63| 0.79 4,04 | 401 0.31
13 -15.82| 2.66 0* -0.62| 0.60| 0.29 || -3.09|4.62| 0.50
14 -15.67| 3.00 0* 1.07 | 0.84| 0.20 6.71 | 4.84| 0.16
15 -15.09| 3.28 o* 1.04 | 094 0.26 | 11.07|5.41| 0.04
16 -14.40| 3.77| .0002 | 1.11|1.13| 0.32 8.55 | 5.93| 0.15
17 -15.64| 3.71 0* -0.20| 0.97| 0.83 6.46 | 6.38| 0.31
18 -17.58| 3.87 0* 0.69|1.11| 053 || -0.85|6.10| 0.88
19 -18.19| 3.15 o* 186|131 0.15 | -3.37|6.11| 0.58
20 -16.15| 2.81 o* 1.21|1.14, 0.28 | -8.14|6.45| 0.20
21 -15.92| 2.61 0* 0.18 | 0.95| 0.84 8.98 | 5.23| 0.08
22 -12.61| 2.42 0* 0.62 | 0.52| 0.23 || 20.19| 6.08| .001
23 -10.87| 2.25 0* 0.34 | 0.60| 0.56 9.82 | 3.03| .00r
24 -11.34| 1.71 0* -0.25| 0.39| 0.51 | 12.35|3.16| .001
Efficiency (%) 0 87 54

a:Theefficiency increaesto 87% afterexcluding the volatile summemonthsof year200Q

25




Table 6: Price corvergencetest resultsfor PIJM. An asterisk(x) indicatesthat the day
aheadprice andtherealtime price aresignificantlydifferentat 95% confidence.Thelack
of corvergenceof the day aheadprice to the real time price shavs the degreeof market
inefficiency. 0 is zeroif thedayaheadpriceis anunbiasedredictorof therealtime price.
S.E.shavs the Newey-WeststandarderrorsandP-valueshovs the Newey-WestP-value.

Pennsylania-Nev Jersg-Maryland

2000 2001
Hours 0 S.E.| P-value| @ S.E.| P-value
1 -1.08| 0.43| 0.0 || 0.39|0.68| 0.56
2 0.21{0.31| 0.50 || 1.86|0.67| .006*
3 0.55|0.29| 0.05 | 0.98|0.51| 0.06
4 0.480.33| 0.14 | 0.40|0.52| 0.44
5 0.53|0.34| 0.12 | -0.25|0.51| 0.62
6

7

8

9

0.190.62| 0.76 | -1.04|/0.76| 0.17
-143| 166 0.39 | -4.16|1.27| 0.00r
-1.48| 151 097 ||-1.79|159| 0.26
-3.37|1.71| 0.05 | -5.35|1.30| .000T

10 -1.37|141| 0.33 | -3.63| 1.09| 0.00r
11 048|131 0.71 || -1.33|1.23| 0.28
12 -1.97|1.15| 0.09 || 0.39|1.68| 0.81
13 -1.80| 1.36| 0.18 | -1.45|1.32| 0.27
14 0.72 | 159| 0.65 215|163 0.19
15 -250|1.42| 0.08 | -0.46|1.06| 0.65
16 -3.05|2.84| 0.28 | -1.44|1.01| 0.15
17 -2.111192| 0.27 | -1.60|1.62| 0.32
18 -2.25|2.16| 0.30 | -5.29| 1.83| 0.004
19 -5.35|3.73| 0.15 | -7.89| 2.31| 0.00r
20 -6.97| 2.21| 0.00r | -9.33| 1.72 o*

21 -435|1.75| 0.0 | -2.88| 1.43| 0.051
22 -041|1.32| 0.75 |-0.14|1.41| 0.91
23 -0.85|1.01| 040 | -1.80|1.07| 0.09
24 -1.62|1.05| 0.12 | -2.38/0.90| 0.01

Efficiengy (%) 79 67
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Table7: Pricecornvergencetestresultsfor New York. An asterisk(x) indicateghattheday
aheadprice andtherealtime price aresignificantlydifferentat 95% confidence.Thelack
of corvergenceof the day aheadprice to the real time price shavs the degreeof market
inefficiency. 0 is zeroif thedayaheadpriceis anunbiasedredictorof therealtime price.
S.E.shavs the Newey-WeststandarderrorsandP-valueshovs the Newey-WestP-value.

New York
2000 2001
Hours 0 S.E.| P-value 0 S.E.| P-value

1 -4.75|1.69| .005 | -5.47|1.37| .000r
2 -6.13| 2.80| 0.03 | -3.20| 1.72| 0.06
3 -4.89|1.45| 0.00r ||-2.19|1.37| 0.11
4 -3.87|1.77] 0.03 | -2.59|1.40| 0.06
5 -4.33|12.00] 0.03 | -1.47|0.97| 0.13
6 -2.05|2.11] 0.33 | -0.89|1.27| 0.48
7 -0.20| 1.08| 0.84 0.05|1.18| 0.96
8 -3.69| 1.39| 0.0rr | -3.33|1.02| 0.00r
9 0.64 | 1.58| 0.68 1.00 | 2.11| 0.63

10 -0.51| 1.77| 0.77 543 |394| 0.16
11 -1.32| 1.67| 0.42 1.49 | 257 0.56
12 -2.15| 1.39| 0.12 1.58 | 2.86| 0.58
13 -2.121181| 024 ||-0.86|245| 0.72
14 -0.60| 3.22| 0.85 1.18 | 2.82| 0.67
15 051|327 087 ||-0.85237| 0.71
16 144 1478 0.76 | -1.63|2.39| 0.49
17 273|456 055 |[|-0.93|3.00, 0.75
18 3.14 | 3.63| 0.38 0.323.11| 091
19 297 | 3.75| 043 || -256|2.96| 0.38
20 021|245 093 | -3.18|2.61| 0.22
21 196|230 0.39 | -3.73|1.29| 0.004
22 -255|1.56| 0.10 ||-5.75|0.95 0"

23 -6.35|1.29| 0" -7.55/0.83| 0

24 -6.85| 1.86| 0.0003 || -4.44| 1.21| 0.0003

Efficiengy (%) 67 75
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